A supramolecular peptide vaccine system was designed in which epitope-bearing peptides selfassemble into elongated nanofibers composed almost entirely of alpha-helical structure. The nanofibers were readily internalized by antigen presenting cells and produced robust antibody, CD4+ T-cell, and CD8+ T-cell responses without supplemental adjuvants in mice. Epitopes studied included a cancer B-cell epitope from the epidermal growth factor receptor class III variant (EGFRvIII), the universal CD4+ T-cell epitope PADRE, and the model CD8+ T-cell epitope SIINFEKL, each of which could be incorporated into supramolecular multi-epitope nanofibers in a modular fashion.
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nanofiber; self-assembly; coiled-coil; vaccine; self-adjuvanting Peptides that non-covalently self-assemble into nanofibers have garnered interest towards a broad range of biomedical applications including the delivery of cells and drugs, [1] [2] [3] scaffolds for regenerative medicine, [4] [5] [6] [7] and immunotherapies. [8] [9] [10] [11] In particular, selfassembling peptide nanofibers have been promising for immunotherapies owing to their ability to elicit strong immune responses without the use of adjuvants. [12] [13] [14] [15] [16] Fiber-forming peptides investigated to date in this regard have included peptides such as Q11 [15] [16] [17] [18] [19] KFE8 20, 21 , RADA16 [22] [23] [24] , and peptide amphiphiles that form cylindrical micelles [25] [26] [27] . Each of these, when appended with appropriate T-cell or B-cell epitopes, can function as a self-adjuvanting vaccine platform. In these systems, multiple epitope-bearing peptides can be co-assembled into integrated nanofibers in a modular fashion, 8 and they raise immune responses without significant inflammation 14 , making them attractive candidates for development towards a wide range of diseases and conditions including cancer 2, 28 , malaria 9 , influenza 29 , drug addiction 30 , and bacterial infections 31 .
Previous immunogenic self-assembled peptide nanofibers have been constructed using βsheet fibrillization. [14] [15] [16] Although this mode of assembly has been useful for incorporating multiple different epitope-bearing peptides together into nanofibers, 13, 17 it has remained an open question whether the β-sheet fibrillar structure is necessary for the observed selfadjuvanting properties. Moreover, β-sheet fibers possess some shortcomings: Their kinetics of assembly and disassembly are difficult to control, they lack structural precision in the topology of individual β-strands, their lengths are polydisperse, and it is difficult to control lateral interactions between nanofibers. [32] [33] [34] To develop a new fiber-forming system that could address some of these issues, we designed self-adjuvanting peptide nanofibers having almost entirely α-helical structure. Helical peptide nanofibers have been designed previously, notably by the Woolfson [35] [36] [37] 39 groups, but it has not been known whether they possess self-adjuvanting properties. Here we focused on the peptide QARILEADAEILR-AYARILEAHAEILRAQ (Coil29) originally reported by Egelman, Conticello, and coworkers as the "Form I" peptide, PDB ID 3J89 38 . Previous electron cryomicroscopy studies showed that Coil29 forms long α-helical nanofibers, where the helical peptides run perpendicularly to the axis of the fiber (Figure 1a-b ). In each layer of the stack of helices, four peptides form a square, with the Ctermini clustered near the axis of the nanofiber and the N-termini extending outward towards the surface of the nanofiber. 38 This availability of the N-terminus for conjugation to epitopes, along with the all-helix structure, made for an intriguing candidate as a vaccine platform.
We synthesized peptides with the Coil29 sequence at the C-terminus and various epitopes at the N-terminus (Table S1 ). These epitopes included the pan-DR CD4 + T-cell epitope PADRE, aKXVAAWTLKAa, where "X" is cyclohexylalanine, and "a" is D-alanine; the CD8 + OT-I peptide epitope SIINFEKL; and the B-cell epitope PEPvIII, LEEKKGNYVVTDH, from the epidermal growth factor receptor class III variant (EGFRvIII). [40] [41] [42] EGFRvIII is a tumor-specific receptor present in a significant proportion of glioblastomas and other human cancers. The SIINFEKL-Coil29 peptide was additionally modified with a proteasome-cleavable linker (AAYGG) 43 , to facilitate processing of this epitope within APCs. Epitope-bearing peptides were named PEP-C (PEPvIII-Coil29), PAD-C (PADRE-Coil29), and S-C (SIINFEKL-AAYGG-Coil29).
The peptides were produced using solid phase peptide synthesis, confirmed using MALDI, and purified via HPLC (Table S1 and Figure S1 ). To examine whether Coil29 would still assemble when appended to epitopes, transmission electron microscopy (TEM) was employed ( Figure 1 ). In our hands, unmodified Coil29 self-assembled into nanofibers in phosphate buffered saline (PBS), with diameters identical to that reported previously 38 (~6 nm, Figure 1c ). PEP-C and S-C formed regular nanofibers, with diameters of about 10 nm, slightly wider than unmodified Coil29 (Figure 1d and 1g ). Moreover, circular dichroism spectropolarimetry confirmed that the α-helical secondary structure was preserved in epitope-bearing fibers, as evidenced by the two molar ellipticity minima at 208 nm and 222 nm ( Figure 1h ).
PAD-C formed shorter nanofibers, possibly due to the hydrophobicity of the PADRE sequence interfering with the self-assembly process, although the secondary structure of PAD-C fibers remained helical (Figure 1f and 1h). This disruption was overcome by mixing PEP-C and PAD-C at a molar ratio of 20:1 before assembly in PBS, which produced nanofibers ( Figure 1e ) with lengths similar to those of unmodified Coil29 (Figure 1c ).
To examine whether Coil29 nanofibers promoted epitope uptake by antigen presenting cells (APCs) in vivo, mice were immunized intraperitoneally with fluorescently labelled PEP-C nanofibers or soluble PEPvIII peptide. Conjugation of TAMRA fluorophore to PEP-C did not alter nanofiber morphology ( Figure S2 ). The peritoneal lavage fluid was collected 20 h after injections and the percentage of TAMRA positive dendritic cells (DCs, CD11c + MHCII + F4/80 − ) and macrophages (CD11c − F4/80 + ) were determined using flow cytometry ( Figure   S3 ). Whereas the uptake of soluble PEPvIII by DCs and macrophages was statistically indistinguishable from the negative control group (PBS), about 98% of macrophages and 65% of dendritic cells acquired labeled PEP-C fibers (Figure 2 ), indicating that the nanofiber significantly enhanced uptake relative to the soluble epitope. It is worth noting that we employed intraperitoneal injections rather than subcutaneous injections in these experiments to gain access to large numbers of APCs. However, the observed trends should be translatable to subcutaneous injections. Previous studies by our group indicated that epitopebearing beta-sheet nanofibers elicit comparable antibody titers via intraperitoneal and subcutaneous delivery. 14 We next investigated the ability of the Coil29 peptide platform to raise antibody responses against the PEPvIII epitope. Mice were immunized subcutaneously with PEPvIII peptide alone, PEPvIII emulsified with complete Freund's adjuvant (CFA), as PEP-C nanofibers, or as coassembled nanofibers of PEP-C and PAD-C ( Figure 3 ). Consistent with its lack of uptake by APCs, PEPvIII peptide alone failed to elicit an antibody response. PEP-C nanofibers likewise were not immunogenic, as they lacked T cell epitopes. However, PEP-C/ PAD-C coassemblies were remarkably immunogenic, raising antibody titers higher than PEPvIII in CFA after one prime and two boosts, and these titers persisted for the duration of the study (18 weeks, Figure 3a ). This strong self-adjuvanting capacity and T-cell dependency of the Coil29 nanofibers is similar to the behavior of β-sheet fibrillizing peptides. 13 For example, Q11 peptide nanofibers bearing OVA 323-339 epitopes or B-cell epitopes from S. Aureus elicited log 10 antibody titers of around 4 without adjuvant, similar to Coil29. 14, 15 Further, Q11 nanofibers similarly do not raise antibody responses without the incorporation of T cell epitopes, whether the T cell epitope overlaps with the B cell epitope as in OVA [323] [324] [325] [326] [327] [328] [329] [330] [331] [332] [333] [334] [335] [336] [337] [338] [339] or if it is co-assembled, for example by using PADRE-Q11. 13 More importantly, our present study indicates that β-sheet structure is not necessary for the adjuvant activity of fibrillar peptide assemblies. This finding presents the possibility that a wider range of fibrillar peptide materials may be appropriate for immunotherapy development than previously believed.
Antibody isotype analysis revealed that immunization with PEP-C/PAD-C nanofibers produced a different immune phenotype compared with PEPvIII in CFA (Figure 3b) . At all measured time points, PEP-C/PAD-C immunization promoted higher titers of IgG1 compared with all other tested isotypes, while PEPvIII in CFA exhibited only a slight bias toward IgG1 at some time points. This polarization towards IgG1 suggested that the PEP-C/ PAD-C nanofibers promoted a Th2-polarized response. 44 This bias towards IgG1 could have therapeutic benefit, as IgG1 monoclonal antibodies have been found to be more potent than other isotypes in mediating tumor cell killing in humans via the mechanisms of antibodydependent cellular cytotoxicity and complement-dependent cytotoxicity. 45, 46 Interestingly, mice in PEP-C and PEP-C/PAD-C groups also exhibited humoral responses against the linker-Coil29 sequence (SGSG-Coil29, Table S1 ), but this antibody response gradually diminished to a negligible level after the total IgG titers peaked at week 9 ( Figure S4 ).
We further analyzed how dosing the PADRE epitope within Coil29 nanofibers could tune the humoral response (Figure 3c , and Figure S5 ). Mice were immunized with Coil29 nanofibers formulated with four different PADRE epitope concentrations ranging from 0 to 0.5 mM in final concentration, and the PEPvIII-specific total IgG titers were monitored over 17 weeks ( Figure S5a ). Consistent with our previous results, PEP-C nanofibers alone or those with low levels of PADRE (0.05 mM) elicited negligible levels of IgG. However, when the PADRE dose was increased to 0.1 mM or 0.5 mM, antibody titers were increased significantly throughout the experimental period (Figure 3c ). This observation differed from previous findings with the beta-sheet Q11 platform, where the antibody response at different PADRE dosing regimens exhibited a bell-shaped curve with the peak response at 0.05-0.1 mM PADRE. 13 Several factors could possibly explain this difference, including the use of a different B cell epitope, differences in epitope availability or spatial arrangement, or differences in the mechanical properties of the fibers, all interesting subjects of future investigation.
T cell responses induced by PEP-C/PAD-C fibers were specific to PADRE ( Figure S5b ), as measured by ELISPOT with the splenocytes of immunized mice. Mice immunized with PEP-C, conversely, responded to neither PADRE peptide nor PEPvIII peptide. Higher doses of PADRE in the immunizing nanofibers produced correspondingly higher numbers of IFNγ and IL4-secreting cells, and stimulation with PEPvIII peptides within the ELISPOT assays elicited only very low levels of cytokine secretion. These results underscored the essential role of T cells in the antibody response against the PEPvIII epitope, and formulations producing maximal T cell responses corresponded with the formulations that produced the highest antibody titers.
Finally, we compared the Coil29 platform's ability to stimulate responses against CD8+ T cell epitopes with the Q11 platform, which has been shown previously to elicit CD8+ T cell responses against the model epitope SIINFEKL 47 . We N-terminally linked Coil29 and Q11 to SIINFEKL via a proteasome-cleavable linker (AAYGG). Coil29 nanofibers promoted more efficient presentation of SIINFEKL than Q11 nanofibers, with about 4.1% of DCs presenting the epitope 20 h after i.p. immunization, compared with 1.8% of DCs with SIINFEKL-Q11, as measured with an antibody recognizing the epitope/MHC-I complex (Figure 4a , 4b, see methods in Supplementary Information). The efficiency of MHC-I restricted epitope presentation by DCs (4.1%) was lower than the overall efficiency of fiber internalization observed with PEP-C nanofibers containing a B cell epitope (65.9%, Figure  2 ), but it should be noted that the former measurement represents epitopes that have been fully processed and displayed in MHC-I, while the latter is simply a measure of internalization. To determine the level of cellular immune response raised, IFNγ ELISPOTs were performed on splenocytes harvested from mice three weeks after primary injections. When restimulated with SIINFEKL peptides, splenocytes immunized with both platforms produced significant IFNγ responses, similar to that of mice immunized with SIINFEKL in CFA (Figure 4c ).
In summary, we designed a vaccine delivery platform based on a self-assembling α-helical coiled-coil peptide fiber, which was amenable to inclusion of several different epitopes. We expect that this system will be useful for the design of biomaterials-based vaccines and immunotherapies. 8, 34, 48 It was established that Coil29 nanofibers could be efficiently internalized by APCs. Peptide nanofibers containing a CD4+ T cell epitope, PADRE, were capable of eliciting durable epitope-specific antibody responses against PEPvIII that were even higher than a CFA-adjuvanted formulation, while the B cell epitope-bearing fiber alone failed to raise any humoral responses. PEP-C/PAD-C nanofibers raised higher IgG1 titers when compared with the CFA-adjuvanted group, indicating that the nanofibers produced a relatively Th2-polarized response. Additionally, increasing the PADRE epitope dosing improved the magnitude of both antibody and T cell responses. The ability of the Coil29 platform to elicit CD8+ T cell responses was also shown to be comparable to CFA emulsion. This work represents the first demonstration of a self-adjuvanting vaccine delivery platform based on α-helical peptide nanofibers, indicating that a variety of fibrillar peptide architectures, both α-helical and β-sheet, can possess self-adjuvanting properties. Coil29 self-assembled into α-helical nanofibers when appended with different epitopes. Axial view (a) and side view (b) schematics of Coil29 fibers displaying PEPvIII epitopes, drawn using PDB structures for Coil29 (PDB ID 3J89) and PEPvIII (PDB ID 1I8I). By TEM, nanofibers were formed by Coil29 (c), PEP-C alone (d), PEP-C and PAD-C coassembled at 20:1 (e), PAD-C alone (f), and S-C alone (g). Alpha-helical secondary structures were preserved in all fiber formulations as evidenced by circular dichroism spectra (h). All scale bars: 100 nm. 
